Introduction
The outer membrane of Gram-negative bacteria is an asymmetric lipid bilayer with an outer leaflet consisting predominantly of lipopolysaccharide (LPS) molecules. LPS has a lipid A portion embedded in the outer membrane, a core oligosaccharide and an O-specific polysaccharide (O antigen) that is exposed to the bacterial surface. O antigen biogenesis is a multistep process commencing at the cytoplasmic face of the plasma membrane (Raetz and Whitfield 2002; Valvano 2003) . The initiation reaction leads to the formation of a phosphoanhydride bond between a sugar-1-phosphate (commonly delivered as a uridine diphosphate [UDP] sugar) and undecaprenyl phosphate (Und-P) with the concomitant release of uridine monophosphate. Subsequent steps in O antigen synthesis are completed via one of two major pathways designated ABC transporter-and Wzy-dependent pathways (Raetz and Whitfield 2002; Valvano 2003) . In the Wzy-dependent pathway, glycosyltransferases sequentially add sugars to form a complete Und-P-P-linked O antigen subunit facing the cytosol, which is translocated to the periplasm by a process mediated by the Wzx protein. O antigen subunits are subsequently polymerized by the Wzy polymerase, and they acquire a particular length distribution by an unknown mechanism that requires Wzz, also called chain length determinant or O antigen copolymerase (Morona et al. 2000) . The polymer is finally ligated to independently synthesize lipid A-core oligosaccharide and the LPS molecule is transported to the outer membrane (Raetz and Whitfield 2002; Valvano 2003) by the recently discovered Lpt pathway (Ruiz et al. 2009; Sperandeo et al. 2009 ).
Enzymes catalyzing the initiation reaction can be grouped into two distinct families: polyisoprenyl-phosphate N-acetylhexosamine-1-phosphate (PNPT) and polyisoprenyl-phosphate hexose-1-phosphate (PHPT) transferases (Valvano 2003) . PNPTs include prokaryotic and eukaryotic members while PHPTs are restricted to bacteria. WecA, a UDP-GlcNAc:Und-P GlcNAc-1-P transferase commonly found in the Enterobacteriaceae, is a prototypic member of the PNPT family. The Salmonella enterica WbaP has UDP-galactose (Gal):Und-P Gal-1-P transferase activity and is a prototypic member of the PHPT family (Reeves 1993; Wang et al. 1996; Valvano 2003; Saldías et al. 2008) . Other characterized PHPT members initiate the synthesis of glycans for S-layer protein glycosylation, such as Geobacillus stearothermophilus WsaP (Steiner et al. 2007) , and exopolysaccharides, such as Xanthomonas campestris GumD (Katzen et al. 1998) , Streptococcus pneumonia Cps2E (Cartee et al. 2005; Xayarath and Yother 2007) , Klebsiella pneumoniae ORF14 (Arakawa et al. 1995; Drummelsmith and Whitfield 1999) , and Escherichia coli K-12 WcaJ (Stevenson et al. 1996) .
WbaP is a basic membrane protein with five predicted transmembrane (TM) helices (Saldías et al. 2008) . We have previously demonstrated three domains in WbaP: a hydrophobic, membrane embedded N-terminal region spanning four TM helices, a central periplasmic loop, and a large C-terminal domain comprising the fifth TM helix with the remainder of the protein predicted to face the cytosol (Saldías et al. 2008) . The last 219 residues encompassing the tail region are sufficient for galactosyl-phosphate transferase activity in vivo (Wang et al. 1996; Saldías et al. 2008) . In this study, we characterize in more detail the C-terminal domain of WbaP. An N-terminal thioredoxin (TrxA) fusion to this domain led to enhanced protein folding and membrane expression. Together, trypsin accessibility and green fluorescent protein (GFP) localization experiments demonstrated that the C-terminus is cytoplasmic, and analysis of GFP-fused proteins demonstrated that WbaP localizes to the poles of the cells. A targeted amino acid replacement strategy directed at highly conserved charged and polar residues identified three arginines (R319, R377, R401), one lysine (K331), one glutamic acid (E383), and two aspartic acids (D382 and D458) that are critical for in vivo and in vitro WbaP activity. We also show that residues R377, D331, E383, and D458 are located in three putative α-helical segments, which are highly conserved in other members of the WbaP family, suggesting they may form part of a catalytic center.
Results
The C-terminus of WbaP resides in the cytoplasm WbaP consists of five predicted TM helices, a large periplasmic loop between TM-IV and TM-V (PL2), and a large cytoplasmic tail region (Figure 1 ) (Saldías et al. 2008) . Previous work has demonstrated that only the WbaP C-terminus (WbaP CT ), from phenylalanine-258 (F258) to tyrosine-476 (Y476), is required for transferase activity (Wang et al. 1996; Saldías et al. 2008) . To experimentally establish which portion of the C-terminus resides in the cytoplasm, we conducted protease accessibility assays on spheroplasts as described in Materials and methods. We opted for this method as an alternative approach to study protein topology due to the poor membrane expression of WbaP constructs fused to reporter proteins such as LacZ (β-galactosidase) and PhoA (alkaline phosphatase) (data not shown). The protease accessibility strat- Fig. 1 . Graphic representation of the WbaP parental protein and the various deleted derivatives encoded by plasmids used in this study. All constructs contain either a FLAG or 6xHis epitope tag for detection on the N-or C-terminus. Plasmid pKP42 encodes a construct that also has an N-terminal TrxA fusion followed by a TEV cleavage site. Predicted transmembrane (TM), periplasmic loops (PL), and cytoplasmic loops (CL) are indicated. Fig. 2 . Cytoplasmic localization of the C-terminus by trypsin accessibility experiments in spheroplasts and with inverted membrane vesicles. Samples were treated with trypsin, soybean trypsin inhibitor (STI), and/or Triton X-100 as indicated in the panels. Upon treatment, samples were analyzed by immunoblot with anti-FLAG M2 monoclonal antibodies. (A). Spheroplasts of DH5α cells expressing WbaP M1-R354-FLAG or WbaP FLAG-M1-I144/F258-Y476 (both~43 kDa). Spheroplasts were incubated for 30 min at room temperature. Lanes: 1 and 5, no trypsin; 2, trypsin and STI; 3 and 6, trypsin alone; 4, trypsin and Triton X-100. (B) IMVs were prepared by lysing cells with the French press and were incubated at room temperature for 30 min. Lanes: 1 and 2, no trypsin; 2 and 4, trypsin alone. Samples were separated by 16% SDS-PAGE and arrows indicate trypsin cleavage products containing a FLAG tag.
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egy relies on the principle that after formation of spheroplasts, regions of an integral membrane protein that are exposed to the periplasm would be susceptible to proteolysis, while regions facing the cytoplasm would be protected (Dai et al. 1996) . Trypsin cleaves selectively after lysine and arginine residues (Olsen et al. 2004 ). Due to its basic nature, WbaP contains multiple trypsin cleavage sites spanning the entire length of the protein. Since we were unable to obtain a recombinant plasmid expressing full-length WbaP with C-terminal or N-terminal tags (Saldías et al. 2008 ) (data not shown), we used truncated WbaP derivatives containing N-terminally (FLAGWbaP M1-I144/F258-Y476 , encoded by pKP10) and C-terminally (WbaP M1-R354 -FLAG, encoded by pKP2) fused FLAG epitopes (Figure 1 ), which enabled us to detect trypsin cleavage fragments from both ends of the protein. E. coli DH5α cells expressing the respective constructs were converted to spheroplasts and after incubation with trypsin, soybean trypsin inhibitor (STI) was added before lysis of spheroplasts by freeze-thaw. Samples were separated by sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) and analyzed by immunoblot. The samples corresponding to untreated FLAG-tagged WbaP constructs localize to the inner membrane, as they are detected in both spheroplasts and membrane vesicles, and each have an apparent mass of approximately 43 kDa ( Figure 2A , lanes 1 and 5 and Figure 2B , lanes 1 and 3). A high molecular mass band of approximately 98 kDa was observed also with both proteins, although this band was much more intense in the case of WbaP M1-R354 -FLAG ( Figure 2A ). We interpreted this band as due to oligomerization of WbaP M1-R354 -FLAG either as an artifact of the mild denaturing conditions we routinely use to process membrane proteins by SDS-PAGE (Amer and Valvano 2002; Marolda et al. 2004; Lehrer et al. 2007; Perez et al. 2008 ) (see Materials and methods) or alternatively, protein-protein interactions mediated by the periplasmic loop that is absent in FLAGWbaP M1-I144/F258-Y476 (Figure 1 ). Trypsin treatment of spheroplasts expressing WbaP M1-R354 -FLAG resulted in a band of approximately 36 kDa ( Figure 2A, lane 3) , which corresponds to the mass of a product cleaved within the first predicted periplasmic loop (PL1; Figure 1 ). Trypsin treatment of spheroplasts expressing FLAG-WbaP M1-I144/F258-Y476 resulted in a band of approximately 9 kDa, which also corresponded to a product cleaved in PL1 (Figure 2A , lane 6). There were no detectable bands corresponding to the predicted cytoplasmic tail region, suggesting that this region was not accessible to proteolysis. To confirm that the C-terminus is susceptible to trypsin cleavage, we isolated inverted membrane vesicles (IMVs) by French press disruption of cells expressing WbaP M1-R354 -FLAG and FLAG-WbaP M1-I144/F258-Y476 and treating the IMVs with trypsin prior to SDS-PAGE. Trypsin treatment of IMVs expressing WbaP M1-R354 -FLAG resulted in several bands in the region of the gel corresponding approximately to 7-12 kDa ( Figure 2B , lane 2), and treatment of IMVs expressing FLAG-WbaP M1-I144/F258-Y476 resulted in bands of approximately 30 kDa, 29 kDa, and 22 kDa (Figure 2 , lane 4). These bands correspond to the expected products from cleavage sites located within the predicted cytoplasmic tail. Together, these results suggest that amino acids located to at least the C-terminal 20 kDa of WbaP are in the cytoplasm, in agreement with the bioinformatic predictions. In our trypsin experiments using spheroplasts or total membranes vesicles, we observed no proteolytic cleavage products from the large predicted periplasmic loop 2 (PL2). This region is predicted to have complex secondary structure (Saldías et al. 2008) , which could prevent access of trypsin.
An N-terminal TrxA fusion improves folding of overexpressed WbaP F258-Y476 and enhances activity in vivo Overexpressed FLAG-WbaP F258-Y476 , herein referred to as WbaP CT , which contains 24 residues from PL2, TM-V and the WbaP C-terminal cytosolic tail (Figure 1 ), can restore O antigen surface expression in the S. Typhimurium ΔwbaP strain MSS2 (Figure 3) . However, as compared to the parental strain, WbaP CT does not mediate production of full-length O antigen since only short O antigen bands can be visible in the gel. One possible explanation for this result was protein misfolding and possible formation of inclusion bodies upon overexpression of WbaP CT . TrxA is a 12-kDa protein that stabilizes membrane proteins when fused to the N-terminus of a target protein and also prevents the formation of inclusion bodies (LaVallie et al. 1993) . Therefore, we constructed a WbaP CT derivative with TrxA fused to the N-terminus (TrxA-WbaP CT ) under the expression of the arabinose-inducible pBAD promoter. To facilitate further purification, this construct also has a 6xHis N-terminal tag. We investigated the functionality of TrxA-WbaP CT in the strain MSS2 and found that the addition of the N-terminal 6xHis-TrxA fusion partner resulted in a protein with the ability to restore O antigen production to similar levels as in the parental strain LT2 (Figure 3 ). We also used GFP fusions to determine whether improved activity of overexpressed TrxA-WbaP CT was associated with proper protein folding. Proper folding of GFP fused to the C-terminus of a Structure-function of WbaP C-terminal domain target protein is highly influenced by the correct folding of the fusion partner such that only folded fusion protein will become fluorescent (Geertsma et al. 2008) . Membrane proteins fused to GFP migrate as a doublet on SDS-PAGE with the faster migrating bands representing folded proteins that fluoresce in gel under ultraviolet light (UV) and the slower migrating bands representing misfolded proteins unable to fluoresce (Geertsma et al. 2008 ). Since we established that the C-terminus of WbaP is cytoplasmic and GFP can only fluoresce when properly folded in the cytosol (Feilmeier et al. 2000) , we constructed GFP fusions to the C-terminus of WbaP CT derivatives with and without the N-terminal TrxA fusion. Total membranes from MSS2 cells expressing the GFP fusion constructs were separated by SDS-PAGE and detected with anti-GFP antiserum ( Figure 4A ). In addition to the misfolded and folded forms of protein detected ( Figure 4A , white and black arrows, respectively) there were also lower molecular weight bands which likely correspond to degraded GFP. When the SDS-PAGE gel was observed under UV light, a dense band representing properly folded TrxA-WbaP CT -GFP protein and a very faint band representing the properly folded WbaP CT -GFP protein were detected ( Figure 4B ). These results suggest that the fusion of TrxA to WbaP CT improves protein folding.
Next, we used fluorescence microscopy to observe the expression of WbaP CT -GFP and TrxA-WbaP CT -GFP in MSS2 cells. Although cells expressing the two constructs fluoresced ( Figure 4C and D), dense punctuate expression around the membrane and at the poles were only seen in cells containing TrxA-WbaP CT -GFP ( Figure 4D ). This pattern of localization of WbaP CT -GFP in bacterial cell bodies is similar to that observed in E. coli K-12 for the initiating glycosyltransferase WecA (Lehrer et al. 2007 ) and further confirms the cytoplasmic localization of the C-terminus of WbaP. Therefore, we concluded that the TrxA fusion improves membrane expression and folding of WbaP CT , resulting also in full complementation of O antigen expression in MSS2.
Topological location of the TrxA fusion partner in the membrane Although TrxA is a cytoplasmic protein, based on the topological model previously described (Saldías et al. 2008) , fusion of TrxA to the N-terminus of WbaP CT should result in localization of TrxA to the periplasm. However, rapid folding of TrxA after translation prevents it from crossing the plasma membrane (Huber et al. 2005) . To analyze how TrxA-WbaP CT -GFP is situated in the inner membrane, we took advantage of a tobacco etch virus (TEV) protease site engineered at the fusion endpoint between the TrxA tag and WbaP CT . Protease cleavage experiments were carried out on spheroplasts using a 6xHis-tagged TEV protease with a mass of 25 kDa, which also served as an internal control. In addition to TrxA-WbaP CT , the cytosolic FLAG-tagged transcriptional regulator from Burkholderia cenocepacia, BCAL0381-FLAG (Aubert et al. 2008) , was also expressed in the cells as a lysis control. Spheroplasts were treated with TEV protease, and the periplasmic fraction was collected and analyzed by immunoblot. No cleavage was detected in the periplasmic fraction ( Figure 5A , lane 3), but cleavage was detectable upon treatment of lysed cells with TEV protease, resulting in a 15 kDa-cleavage product ( Figure  5A , lane 4). BCAL0381-FLAG was detected only upon lysis of cells ( Figure 5B , lane 4) and not in the periplasmic fractions ( Figure 5B , lanes 2 and 4). This suggests that the TrxA partner in the fusion protein is cytoplasmic and that the TM helix in the fusion protein TrxA-WbaP CT must be "pinched in" or loosely associated with the inner membrane.
Functional characterization of TrxA-WbaP CT in vitro We next investigated whether TrxA influences the galactosylphosphate transferase activity of TrxA-WbaP CT in vitro. Total membranes prepared from MSS2, providing both enzyme and endogenous Und-P acceptor, were incubated with 14 C-labeled radioactive UDP-Gal. The lipid fraction containing the Und-P-P-Gal product was extracted with 1-butanol and the radioactive counts measured. The assay was performed using 12 mM Mg 2+ and 80 μg of total membrane protein from MSS2 bacteria expressing WbaP CT (encoded by pKP12), TrxA-WbaP CT (encoded by pKP42) or carrying the pBAD24 vector control. Total membranes expressing WbaP CT or TrxA-WbaP CT resulted in the incorporation of 1.98 ± 0.28 and 2.51 ± 0.28 pmoles of Gal per mg of total membrane protein into the butanol extractable fraction, respectively, while membranes pre- pared from cells with vector control incorporated 0.12 ± 0.01 pmoles of Gal per mg of total membrane protein. Using the analogous sugar-phosphate transferase WecA, we have previously shown that the butanol fraction is highly enriched for undecaprenyl-P-P-sugar species (Lehrer et al. 2007) . We also tested the activity of TrxA-WbaP CT under varying concentrations of Mg 2+ and Mn 2+ and found that the fusion protein had a metal cofactor profile similar to the parental full-length protein as described previously (Osborn et al. 1962 ) (data not shown). This demonstrates that the TrxA fusion does not disrupt the enzymatic activity of WbaP CT .
Identification and in vivo functional analysis of conserved amino acids in TrxA-WbaP CT To identify residues within the C-terminus of WbaP that are required for enzyme function, we first used bioinformatics comparing several hundred WbaP homologs with the Sequencing Alignment and Modeling system (SAM-T02) . This analysis revealed that R319, K331, R333, R377, D382, E383, R401, D446, Y449, and D458 (the numbers denote the position of these residues in the S. Typhimurium LT2 WbaP) were the most conserved charged or polar residues in proteins annotated as putative galactosyl-phosphate transferases ( Figure 6 ). These conserved amino acids were individually replaced by alanine in TrxA-WbaP CT , and the ability of each mutant protein to complement LPS O antigen surface expression in the ΔwbaP mutant MSS2 was evaluated by silver staining. The majority of the alanine replacements abolished O antigen production ( Figure 7A ), suggesting the mutated WbaP derivatives loss enzymatic activity (see below). In contrast, R333A and Y449A resulted in proteins that mediated partial complementation, as noticed by the formation of lipid A-core OS with one O antigen oligosaccharide unit, while the D446A mutant protein could complement full-length O antigen ( Figure 7A ). We also mutated two moderately conserved residues, R368 and Q386. Both mutant proteins mediated the formation of lipid A-core OS with one O antigen unit ( Figure 7A ), suggesting that WbaP function was reduced but not completely abolished. In addition to the replacement mutants constructed above, an alanine replacement of the highly conserved glycine-393 (G393) was constructed, which resulted in a protein that mediated a full complementation of O antigen synthesis ( Figure 7A ). All of the mutant proteins were detected in total membrane fractions. However, band shifts were seen upon SDS-PAGE analysis in mutants R401A, D446A, and D458A, as compared to relative migration of the parental TrxA-WbaP CT protein ( Figure 7B ). This behavior could be attributed to differential binding of SDS by these proteins (Rath et al. 2009 ), potentially indicating changes in secondary structure.
To validate the mutagenesis strategy, six nonconserved residues along the C-terminus: isoleucine-352 (I352), valine-372 (V372), phenylalanine-388 (F388), glutamic acid-409 (E409), tryptophan-453 (W453), and leucine-462 (L462) were replaced by alanine and the mutant proteins tested for the ability to complement O antigen production. Cells expressing these WbaP mutant proteins produced full-length O antigen (Figure 8 ), supporting the notion that nonconserved amino acids do not play a role in WbaP function.
To further characterize the alanine replacement mutants with no O antigen production, additional replacements with residues conserving charge and/or structure were constructed. Thus, arginine residues were mutated to lysine and glutamine, aspartic acid residues were mutated to glutamic acid and asparagine, and glutamic acid residues were mutated to aspartic acid and asparagine. WbaP derivatives containing the conserved replacement mutations could not complement O antigen production (data not shown). In addition, we also further investigated 1393 Structure-function of WbaP C-terminal domain whether a large aromatic residue is required at the position of Y449, since the Y449A mutant mediated only a partial complementation of O antigen production. The Y449S replacement mutant mediated partial complementation while the Y449F replacement led to restoration of full-length O antigen, suggesting that the aromatic group and not the hydroxyl group is required for full enzyme activity (data not shown). Because maintaining the same net charge with a different amino acid was not sufficient to restore activity, we concluded that R319, K331, R377, D382, E383, R401, and D458 are absolutely critical for enzyme activity in vivo.
Functional characterization of the highly conserved charged or polar residues in the C-terminal domain of WbaP The enzymatic activity assay, as described above for the parental TrxA-WbaP CT protein, was performed under excess of exogenous Und-P substrate to characterize in more detail the functional defects of the alanine replacement mutants. All mutant proteins were initially expressed in MSS2 (ΔwbaP).
However, background galactosyl-phosphate transferase activity fluctuated in this strain over time and growth conditions making it difficult to assess the functionality of mutant proteins with low levels of enzymatic activity. This could not be resolved by introducing deletions in the two core galactosyltransferase genes waaI and waaB (Wollin et al. 1983; Kadam et al. 1985) , as well as in the putative glucosyltransferase gene for colanic acid synthesis wcaJ (White et al. 2003 ) (data not shown). Therefore, we used E. coli strain MV501 (wecA:: Tn10), as this strain cannot produce Und-P-P-N-acetylglucosamine (GlcNAc) due to the absence of WecA (Alexander and Valvano 1994) . The galactosyltransferase WbbD acts on the GlcNAc substrate to catalyze the transfer of Gal (Riley et al. 2005) . Therefore, in the absence of WecA, Gal cannot be incorporated to the O antigen. Accordingly, this strain demonstrated a low and reproducible background activity in the lipidassociated fraction.
To quantify the amounts of parental TrxA-WbaP CT and mutant proteins present in membrane fractions we used quan-1394 Fig. 6 . Representation of conserved amino acids in WbaP C-terminus obtained by the SAM-T02 protein structure prediction server. The server, using sequences from putative WbaP homologs, identifies conserved amino acids. The size of the letter representing the amino acid is proportional to the level of conservation of this residue on the automatic alignment. The position of residues targeted by mutagenesis is indicated below the letter. Charged and polar residues that are highly conserved (R319, K331, R333, R377, D382, E383, R401, D446, Y449, and D458) and two moderately conserved residues (R368, Q386) were mutated as well as a highly conserved glycine (G393). Numbers in boxes indicate the positions of nonconserved residues (I352, V372, F388, E409, W453, and L462) chosen for replacement mutagenesis.
titative immunoblotting, as described previously (Pedersen et al. 1999; Lehrer et al. 2007 ). For the protein standard, we purified a 6xHis-tagged lambda phage lytic transglycosylase (LT). An example of this analysis is shown in Figure 9A . The relative intensities of the bands were determined by densitometry, using the program ImageJ, and were used to derive a standard curve to calculate the amount of TrxA-WbaP CT and its derivatives in the total membrane preparations (see Materials and methods). The mutant proteins were all well expressed in MV501, and total membrane fractions showed banding profiles that were identical to those found in MSS2 (data not shown). To determine the optimal Mg 2 + concentration for TrxA-WbaP CT activity in MV501, total membranes were tested with various concentrations of Mg 2+ and 25 mM was found to be optimal and was used in the assay (data not shown). All of the alanine mutants were tested for activity in vitro. From these, only G393A and D446A were active (136.7 ± 16.2 and 53.9 ± 8.7 pmol/mg protein, respectively, compared to 88.7 ± 7.9 pmol/mg protein for the parental construct; Figure 9B ). Likewise, upon addition of 50 μM exogenous Und-P, only the activity of G393A and D446A increased to 950.5 ± 79.5 and 318.5 ± 37.7 pmol/mg protein, respectively, compared to 539.0 ± 125.0 pmol/mg for the parental construct ( Figure 9B ).
There is no reported structural information on WbaP or any other members of the PHPT family, and solved structures with enough sequence homology to provide templates for protein modeling are not available. However, secondary structure predictions using protein structure prediction (PSI-PRED) indicate that R377, D382, E383, and D458, are located on three putative α-helical regions. Comparisons with other members of the PHPT family indicate similar predictions for the S. pneumoniae Cps2E, E. amylovora AmsG, E. coli K-12 WcaJ, G. stearothermophilus WsaP, and Caulobacter crescentus PssY (Figure 10 ). This suggests that these regions are structurally conserved and support the notion that they may contribute to form a putative catalytic center.
Discussion
Using a combination of protease accessibility and C-terminal GFP fusion experiments, we have demonstrated that the C-ter- Structure-function of WbaP C-terminal domain minus of WbaP, a prototypic member of the PHPT family, is cytoplasmic. This agrees with computer predictions of the topology of WbaP (Saldías et al. 2008 ) and other members of the PHPT family, such as G. stearothermophilus WsaP (Steiner et al. 2007 ) and S. pneumoniae Cps2E (Xayarath and Yother 2007) . It was previously established that the C-terminal domain of WbaP is absolutely required for enzymatic activity, while the N-terminus of WbaP is dispensable for the galactosyl-phosphate transfer function (Wang et al. 1996; Saldías et al. 2008) . In this study, we observed a partial complementation of O antigen synthesis when the C-terminus was overexpressed in MSS2 under the control of the pBAD promoter, resulting in an O antigen LPS banding pattern consistent with a defect in O antigen polymerization. This defect could be due to instability of the overexpressed protein in the inner membrane or the accumulation of misfolded proteins interfering with O antigen polymerization. Fusions to proteins such as glutathione Stransferase, maltose binding protein and TrxA can improve folding of recombinant proteins (Smith and Johnson 1988; LaVallie et al. 1993; Sonezaki et al. 1994) . Indeed, overexpression of a TrxA-WbaP CT chimeric protein restored normal O antigen production by MSS2, with the same banding pattern as that observed in the parental strain. GFP fusions to WbaP CT and TrxA-WbaP CT allowed us to better understand the folding state of the fusion proteins. These experiments revealed that the addition of TrxA enhanced protein folding and led to a punctuate expression of WbaP CT in the membrane, as detected by fluorescence microscopy. The pattern of distribution of TrxA-WbaP CT in the bacterial membrane mimics that observed with the E. coli WecA protein (Lehrer et al. 2007) and suggests that these proteins could be localized in microdomains within the membrane.
The TrxA-WbaP CT fusion protein included TM-V, the last predicted TM helix of WbaP (Figure 1) . A TEV protease accessibility experiment revealed that, contrary to our expectation, the TrxA portion of the fusion protein resided in the cytoplasm or at cytosolic face of the inner membrane. We know from previous work that TM-V is required for function (Saldías et al. 2008) , but this helix may not be required to span the membrane to yield a functional protein as suggested by the topology of TrxA-WbaP CT . Several possibilities may account for a functional TrxA-WbaP CT in association to the inner membrane, but we favor the idea that the TM-V sequences form a membrane hairpin and that distortion of this helix does not affect possible interactions with the Und-P, also present in the membrane, making it possible to retain catalytic activity.
Highly conserved residues have been identified by sequence alignment within proteins of the PHPT family, such as G. stearothermophilus WsaP and C. crescentus HfsE, PssY, and PssZ (Steiner et al. 2007; Toh et al. 2008 ). To our knowledge, this is the first report investigating these residues in detail to determine which ones play a critical role in enzyme function. Of the 10 highly conserved polar or charged residues targeted, seven were important for O antigen production and only mutation D446A resulted in a protein that retain full functionality as determined in vivo by complementation of O antigen production and in vitro by a galactosyl-phosphate transfer assay. In contrast, alanine replacements in nonconserved residues resulted in functional proteins that were able to mediate production of polymeric O antigen when expressed in MSS2. While some of the identified residues resulting in nonfunctional proteins may be directly involved in catalysis, substrate binding, and/or metal cofactor coordination, some may also be critical to retain the structure of a putative catalytic center. The latter is suggested by the observed band shifting of the mutant proteins by immunoblotting, which could be attributed to changes in secondary structure as it has been observed for other integral membrane proteins (Rath et al. 2009 ).
To further explore a functional role of the critical residues identified in this study, we performed conservative replacements with amino acids that would preserve or reverse polarity without Fig. 9 . In vitro transferase activity of site-directed alanine mutants. (A) Quantitative immunoblotting to determine the amounts of TrxA-WbaP CT and derivative proteins in total membrane preparations. The relative amounts of 6xHis molecules in the samples were determined by comparison with known amounts (50-200 ng) of purified 6xHis-lambda phage lytic transglycosylase (LT), which were included on the same gel. The graph is a plot of the relative pixel densities of the 6xHis-LT bands, which were calculated with the program ImageJ, versus the amounts of purified protein loaded in the lanes. The inset shows the blot with the different amounts of 6xHis-LT (left four lanes) and TrxA-WbaP CT (right two lanes). The amount of WbaP 6xHis-TrxA-F258-Y476 was deduced from a standard curve. (B) Enzyme assays were performed with 25 mM Mg 2+ and 14 C-labeled UDP-galactose with both endogenous Und-P (white bars) and 50 μM exogenous Und-P (gray bars). The lipid phase was extracted as described in Materials and methods. Activity is expressed as incorporation of galactose-1-P per mg of His-tagged protein at 30 min. Total membrane proteins of 40 μg and 50 μg were used for the endogenous and exogenous Und-P experiments, respectively. All assays were carried out at 37°C for 30 min in duplicate.
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major structural compromise. However, none of these replacements resulted in functional proteins. We also replaced the highly conserved G393 to alanine as an additional control, as we did not expect this residue to be important in catalysis or substrate binding. Although as expected, the mutation did not affect the ability of the protein to complement O antigen synthesis, we reproducibly observed a higher in vitro activity of the G393A mutant relative to that of the parental construct. This suggests that this residue may be involved in increasing protein stability or regulating the catalytic reaction. Structural information would be required to better understand the function of G393 in WbaP activity.
Since functionally important residues in the PHPT family of transferases have not been identified, it is difficult to assign a role to the residues in this study. In the PNPT family, important residues have been investigated in the two well-characterized E. coli members, WecA and MraY. In both proteins, a pair of highly conserved sequential aspartic acid residues, D90/ D91 in WecA (Lehrer et al. 2007 ) and D115/D116 in MraY (Lloyd et al. 2004) , are thought to be involved in coordinating Mg 2+ or Mn 2+ . Although WecA and WbaP belong to distinct families of sugar transferases, they require divalent cations Mg 2+ or Mn 2+ and perform the same biochemical reaction using a UDP-sugar and Und-P, which results in an Und-P-Psugar product joined by a phosphoanhydride bond formation. Like WecA, WbaP contains two sequential, highly conserved, negatively charged residues, D382/E383, which could be involved in Mg 2+ coordination. In summary, we have demonstrated that C-terminal tail of S. enterica WbaP is cytoplasmic and have identified critical amino acids in this domain, laying groundwork for further investigation of PHPT proteins and the elucidation of their catalytic mechanism. The ability to stably express the catalytic domain of WbaP will also aid in studies leading to obtain structural information, which will ultimately facilitate a better understanding of the mechanism of galactosyl-phosphate transfer by this enzyme.
Materials and methods
Bacterial strains, plasmids, media and growth conditions Bacterial strains and the plasmids used in this study are listed in Table I . Bacteria were grown aerobically at 37°C in LuriaBertani (LB) medium (Difco, Franklin lake, New Jersey) (10 mg/mL tryptone, 5 mg/mL yeast extract, 5 mg/mL NaCl). Media were supplemented with 100 μg/mL ampicillin, 30 μg/ mL chloramphenicol, or 40 μg/mL kanamycin as appropriate.
Recombinant DNA methods, PCR, and cloning strategies Plasmid DNA was isolated using the Qiagen miniprep kit (Qiagen Inc., Mississauga, Ontario, Canada). Digestion with restriction enzymes, ligation with T4-ligase, and transformation were carried out as described by Maniatis et al. (1982) . DNA sequences were determined using an automated sequencer at the York University Core Molecular Biology and DNA Sequencing Facility, Toronto, Ontario, Canada. Polymerase chain reaction (PCR) amplifications were carried out with PwoI DNA polymerase (Roche Diagnostics, Laval, Quebec, Canada) in a Perkin Elmer 2400 GeneAmp PCR system. The oligonucleotides used for these experiments are listed in Table II . Plasmid pKP2 was constructed by PCR amplification of a 1062-bp fragment using primers 591 and 2159 and S. enterica serovar Typhimurium LT2 DNA as template. This fragment was digested with SmaI and SalI and ligated to these sites of pBAD-FLAG (Table I ). pSEF4 was constructed by PCR amplification using LT2 DNA as template and primers 3164 and 1152. The 1132-bp fragment was digested with SmaI and ligated to this site of pBADNTF. Plasmid pKP41 was constructed by PCR amplification of a 774-bp fragment, using primers 3599 and 258 and plasmid pSEF4 as a template. This fragment was digested with HindIII and ligated to this site of pEB-T7. To construct pKP42, we used pKP41 as a DNA template and the primers 3601 and 3602. The 1311-bp fragment obtained by PCR amplification was digested by NcoI and ligated to the NcoI and SmaI sites of pBAD24. The plasmid pKP43 was constructed in a similar 1397 Fig. 10 . ClustalW alignment and PSI-PRED secondary structure prediction of regions of WbaP and homolog proteins containing conserved residues R377, D382, E383, G393, R401, and D458. Conserved residues critical for WbaP activity in vivo and in vitro are indicated with arrowheads and G393 is marked with an asterisk. The sugar transferases compared are as follows: S. enterica Typhimurium WbaP (accession number NP_461027), S. pneumoniae Cps2E (accession number AAD10174), E. amylovora AmsG (accession number YP_003531611), E. coli K-12 WcaJ (accession number AP_002647), G. stearothermophilus WsaP (accession number AAR99615), and C. crescentus PssY (accession number AAK22153). Below the alignment PSI-PRED secondary structure predictions are depicted with α-helices shown as black boxes and β-strands as white arrows. Residues R377, D382, E383, and D458 are predicted to reside in α-helices, whereas G393 and R401 are predicted to be in unstructured regions.
Structure-function of WbaP C-terminal domain way by PCR amplification of a 657-bp fragment using LT2 DNA as template and primers 3674 and 3675. This fragment was digested with KpnI and BamHI and ligated to these sites of pWaldo-GFPe. Plasmid pKP80 was constructed using pKP43 as template for PCR with primers 897 and 2991. The 1508-bp fragment was digested with SmaI and HindIII and ligated to these sites of pBAD24. The plasmid pKP81 was constructed by PCR amplification of the trxA gene from the pEB-T7 plasmid using primers 3896 and 3897. The 442-bp trxA fragment was digested with SmaI and ligated to this site of pKP80. Site-directed mutagenesis was performed using the QuikChange Site-Directed Mutagenesis Kit from Stratagene (Santa Clara, California), as recommended by the supplier. Plasmid pKP42 was used as a template in the PCR reactions for the construction of the plasmids in Table I . Primers were designed with 15-20 nucleotides flanking each side of the targeted mutation. The resulting PCR products were digested with DpnI and introduced into E. coli DH5α by transformation using the calcium chloride method (Hanahan 1983) . WbaP constructs and replacement mutants were confirmed by sequencing.
Isolation of spheroplasts
Bacterial cultures were grown overnight in 5 mL of LB, diluted to an initial OD 600 of 0.2, and incubated at 37°C for 2 h until cultures reached an OD 600 of 0.6. At this point, arabinose was added to a final concentration of 0.2% (w/v), and cells were incubated for an additional 3 h until reaching an OD 600 of approximately 0.8-1.0. The cells were placed on ice for 20 min, and 7.5 mL volumes were centrifuged at 16,100 × g for 1 min. The pellet was washed in 1 mL of cold sucrose buffer (18% sucrose, 100 mM Tris-HCl, pH 8.5) and resuspended in 1 mL sucrose buffer, 50 μL EDTA (0.5 M), and 50 μL lysozyme (5 mg/mL). Cells were incubated on ice for 1 h and observed using light microscopy after 30 min. Once 90% of cells were observed to be spheroplasts, the cells were separated into 250 μL aliquots.
Protease treatment
Trypsin accessibility experiments were performed using a protocol adopted from Lee and Manoil (1997) . Spheroplasts (250 μL) and membrane vesicles (60 μg of total membrane protein) were treated with 25 μL and 7 μL of trypsin (300 μg/mL), respectively, for 30 min at room temperature. The reactions were terminated with the addition of one sample volume of STI (1 mg/mL) and phenylmethylsulfonyl fluoride (PMSF) (20 mg/mL). Spheroplasts were washed in 250 μL of sucrose buffer containing 25 μL STI and 5 μL PMSF, and cells were resuspended in 600 μL of freeze-thaw buffer (10 mM Tris pH 8, 10 μL STI [1 mg/mL], 10 μL PMSF [20 mg/mL]). Cells were lysed with four freeze-thaw cycles using an ethanol-dry ice bath and then treated with 20 μL of MgCl 2 (1 M), 6 μL of DNase (1 mg/mL) and protease inhibitor cocktail (Roche Diagnostics). For TEV cleavage experiments, spheroplasts were prepared as mentioned above. Samples (150 μL) were treated with 2 μL of AcTEV protease (Invitrogen) and 1.5 μL of 0.1 M dithiothreitol. After treatment, cells were centrifuged at 5900 × g and the supernatant, representing the periplasmic fraction in intact spheroplast samples, was collected for analysis.
Total membrane preparation and immunoblotting
For visualization of epitope-tagged WbaP constructs, bacterial cultures were grown and induced with arabinose as described above. Cells were then harvested by centrifugation at 10,000 × g for 10 min at 4°C. The bacterial pellet was suspended in Tris/NaCl (20 mM Tris-HCl [pH 8.5] + 300 mM NaCl) and protease inhibitor cocktail (Roche diagnostics) and the suspension lysed using a French Press cell. Cell debris were removed by centrifugation (15,000 × g for 15 min at 4°C), and the clear supernatant was centrifuged at 30,000 × g for 30 min at 4°C. The pellet, containing total membranes, was suspended in Tris/NaCl. The protein concentration was determined by the Bradford assay (Bio-Rad, Hercules, California). SDS-PAGE, protein transfers to nitrocellulose membranes, and immunoblots were performed as described (Perez et al. 2008) . For detection of 6xHis-, FLAG-, and GFP-tagged proteins, membranes were incubated with a 1:10,000 dilution of anti-His IgG2a monoclonal antibodies (Amersham, Piscataway, New Jersey), anti-FLAG monoclonal antibodies (Sigma, St. Louis, Missouri), or anti-GFP monoclonal antibodies (Roche), respectively. For quantitative immunoblotting, a 6xHis-tagged lambda phage LT was purified and various amounts (50 to 200 ng) of this standard were loaded on the same gel as test samples. The pixel density of the gel bands was analyzed with ImageJ software (Abramoff et al. 2004 ) (W.S. Rasband, U.S. National Institutes of Health, Bethesda, MD; http//rsb.info.nih.gov/ij/).
Microscopy
Overnight cultures of MSS2 cells containing pKP80 or pKP81, which express WbaP CT -GFP or TrxA-WbaP CT -GFP under control of the arabinose-inducible pBAD promoter (Table I) , were diluted in LB medium to obtain an OD 600 of 0.2, and protein expression was induced with arabinose as described above. After 2 h of induction, the culture was placed on ice for 1 h to facilitate GFP folding. Similar experiments were performed without arabinose in the growth medium. Bacteria were visualized with no fixation using an Axioscope 2 (Carl Zeiss) microscope with an ×100/1.3 numerical aperture Plan-Neofluor objective and a 50-W mercury arc lamp with a GFP band pass emission filter set (Chroma Technology) with excitation at 470 ± 20 nm and emission at 525 ± 25 nm. Images were digitally processed using the Northern Eclipse imaging analysis software (version 6.0; Empix Imaging, Mississauga, Ontario, Canada). 
LPS analysis
Culture samples were adjusted to OD 600 2.0 in a final volume of 100 μL. Then, proteinase-K-digested whole-cell lysates were prepared as described elsewhere (Marolda et al. 1990) and LPS was separated on 14% acrylamide gels using a Tricine/SDS buffer system (Lesse et al. 1990 ). Gel loading was normalized so that each sample represented the same number of cells. Each well was loaded with approximately 1 × 10 8 cfu. Gels were silver stained by a modification of the procedure of Tsai and Frasch (1982) .
In vitro transferase assay Total membranes (containing WbaP and endogenous Und-P) were isolated from strains expressing WbaP constructs or pBAD24. The reaction mixture for the transferase assay contained the membrane fraction, with 0.025 μCi radiolabeled UDP-14 C-Gal (specific activity: 307 mCi/mmol, Amersham Biosciences) in 250 μL buffer (40 mM Tris-HCl, pH 8.5, 0.5 mM EDTA, specified MgCl 2 ). After incubation at 37°C for 30 min, the lipid-associated material was extracted twice with 250 μL 1-butanol. The combined 1-butanol extracts were washed once with 500 μL distilled water, and the radioactive counts of the 1-butanol fraction were determined with a Beckman liquid scintillation counter. Enzyme activity was expressed as pmol 14 C-Gal incorporated per mg of total membrane protein −1 , or radioactive counts were normalized using a 6xHis-tagged protein standard (see above) and expressed as pmol 14 C-Gal incorporated per mg protein. Assays using exogenous Und-P (Institute of Biochemistry and Biophysics of the Polish Academy of Sciences, Warsaw, Poland) were carried out as described above with 50 μM Und-P and 0.1% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate in the reaction mixture.
Computer techniques
ClustalW was used for sequence alignments. For amino acid conservation, the server SAM-T02 was used with the input peptide sequence spanning G310-Y476 ( Figure 6 ). Molecular models of WbaP K305-Y476 and homologs were constructed using de novo modeling provided by the Robetta server (http://robetta.bakerlab.org) of the University of Washington. Structure visualization was performed using the program Pymol Molecular Graphics System (Delano Scientific LLC; http://pymol.sourceforge.net).
